We have generated a novel transgenic mouse model on a C57BL/ 6J genetic background that coexpresses KM670/671NL mutated amyloid precursor protein and L166P mutated presenilin 1 under the control of a neuron-specific Thy1 promoter element (APPPS1 mice). Cerebral amyloidosis starts at 6-8 weeks and the ratio of human amyloid (A)b42 to Ab40 is 1.5 and 5 in pre-depositing and amyloid-depositing mice, respectively. Consistent with this ratio, extensive congophilic parenchymal amyloid but minimal amyloid angiopathy is observed. Amyloid-associated pathologies include dystrophic synaptic boutons, hyperphosphorylated tau-positive neuritic structures and robust gliosis, with neocortical microglia number increasing threefold from 1 to 8 months of age. Global neocortical neuron loss is not apparent up to 8 months of age, but local neuron loss in the dentate gyrus is observed. Because of the early onset of amyloid lesions, the defined genetic background of the model and the facile breeding characteristics, APPPS1 mice are well suited for studying therapeutic strategies and the pathomechanism of amyloidosis by cross-breeding to other genetically engineered mouse models.
INTRODUCTION
A variety of transgenic mice have been generated to model cerebral amyloidosis, a hallmark of Alzheimer disease (AD) pathology. These models have been instrumental in studying the impact and mechanism of cerebral amyloidosis and to develop therapeutic strategies (Selkoe & Schenk, 2003) . However, many of these models have limitations such as late onset of the pathology, mixed genetic backgrounds on which the mice have been generated, difficulties with breeding, gender differences in pathology and high variability in amyloid b (Ab) levels. Therefore, we aimed to develop a transgenic mouse model that addresses most of these issues.
The most aggressive familial AD mutation identified so far is the Leu to Pro mutation at position 166 of presenilin 1 (PS1). This mutation in humans leads to disease onset as early as 24 years of age (Moehlmann et al, 2002; Bentahir et al, 2006) . In transfected cells, the PS1-L166P mutation reveals the highest Ab42 to Ab40 ratio among all familial AD mutations studied so far (Moehlmann et al, 2002) , which is consistent with the idea that a high Ab42 to Ab40 ratio is an important determinant for the onset of amyloid pathology (Herzig et al, 2004; Duering et al, 2005) . Thus, we have generated transgenic mice coexpressing this mutated PS1 and KM670/671NL 'Swedish' mutated amyloid precursor protein (APP), a familial AD mutation that has been previously used to generate transgenic mice (Hsiao et al, 1996; Sturchler-Pierrat et al, 1997) . For both the PS1 and the APP constructs, the Thy1 minigene promoter was used to restrict expression to the postnatal brain and to achieve high levels of neuron-specific transgene expression. Finally, we have generated these transgenic mice on a C57BL/6J background to minimize genetic variability and because the C57BL/6J mice are the best-characterized mouse strain in the field of the neurobiology of ageing ( Jucker & Ingram, 1997) .
RESULTS

Cerebral amyloidosis
Several transgenic lines were generated (Fig 1) . Line 21 (APPPS1-21 mice) was selected for further analysis because it had high transgene expression levels, showed significant amyloid plaque formation (Fig 1) , reproduced at a high rate heterozygotically (7.072.8 pups/litter (7s.d.); n ¼ 88 litters) and transgene segregation followed the expected mendelian inheritance (average males/litter: 3.671.6 of which 1.871.2 were transgenic; females: 3.472.0 of which 1.771.3 were transgenic). Transgene mapping revealed that both transgenes were integrated at the lower arm of chromosome 2 between 40 and 60 cM.
Human APP expression in APPPS1-21 mice was about three times that of endogenous mouse APP (Fig 2) and was confined mainly to neurons in the neocortex, hippocampus and brain stem and to a lesser extent in the thalamus and striatum (supplementary Fig S1 online) . Ab levels showed a significant increase from 1 to 8 months of age, with Ab42 exceeding Ab40 several-fold (Table 1) . The Ab42 to Ab40 ratio in pre-depositing 1-month-old mice was 1.6:1, whereas in depositing mice the ratio was about 5:1.
The first amyloid plaques in APPPS1-21 mice appeared in the neocortex at 6 weeks of age (Fig 3A) . Because the Thy1 expression cassette is not fully active until postnatal day 14, amyloid deposition in APPPS1-21 mice is estimated to develop in a 4-week time period. These initial plaques were small, dense and nearly 100% congophilic (supplementary Fig S2 online) . Amyloid deposits increased in size and number with ageing, and diffuse amyloid appeared at the plaque peripheries. At 8 months of age, three types of plaque were apparent: (i) small, congophilic dense core plaques as seen in younger mice, (ii) larger plaques with a dense core and a large halo of diffuse amyloid, and (iii) plaques with a dense core surrounded by a well-defined corona of diffuse amyloid, resembling the most abundant plaques in human AD (supplementary Fig S2 online) .
In the hippocampus, amyloid deposition occurred later and started in the dentate gyrus at 2-3 months of age and in CA1 at 4-5 months of age (Fig 3B) . Amyloidosis in the striatum, thalamus, brain stem and other regions appeared between 3 and 5 months of age. At 8 months of age, virtually the entire forebrain was covered Mouse model of cerebral amyloidosis R. Radde et al with amyloid. Consistent with our previous finding that a low ratio of Ab42 to Ab40 determines the amount of vascular amyloid (Herzig et al, 2004) , no vascular amyloid was found in 2-to 4-month-old mice. In 8-month-old mice, vascular amyloid was rare and restricted to large pial vessels. At all ages, intraneuronal Ab immunoreactivity was weak or absent, confirming previous observations that intraneuronal Ab staining is not an indication for the onset and type of cerebral amyloidosis (Herzig et al, 2004) . The oldest mice available to this study were three female 19-month-old mice. These mice showed a neocortical and hippocampal amyloid load of 20.970.8% and 9.670.4% (7s.e.m.), respectively. Amyloid was observed in all brain regions including the cerebellum, which lacks detectable transgene expression (supplementary Fig S3 online) .
Although this analysis was mainly restricted to female mice, pre-depositing and depositing 1-and 2-month-old male mice were also studied. Ab40 and Ab42 levels in male 1-month-old mice (n ¼ 6) were 1.770.1 and 1.970.2 pmol/g wet brain, respectively Fig 3) .
Amyloid-associated neuroinflammation and pathology
No signs of neuroinflammation were apparent in pre-depositing 1-month-old mice. However, when the first plaques appeared, distinct microgliosis was observed, together with clustering of hypertrophic Iba1-positive microglia around amyloid deposits (Fig 4A,B) . Stereological analysis of microglia number in the neocortex of control mice showed about 1.4 Â 10 6 microglia with a trend towards a decrease from 1 to 8 months of age. One-monthold APPPS1-21 mice were not different from non-transgenic control mice, whereas there was a significant threefold increase in microglia number in 8-month-old transgenic mice compared with control mice (Fig 4C) . Astrocytosis that was assessed as an increase in glial fibrillary acidic protein-positive astrocytes occurred simultaneously to microgliosis (supplementary Fig S4 online) . At 8 months of age, all congophilic amyloid plaques were surrounded by dystrophic synaptic boutons and hyperphosphorylated tau-positive neuritic structures (Fig 5A-C) . No tangle formation was observed using the method of Gallyas. Although neuronal cell bodies were absent in the immediate vicinity of congophilic plaques, neurons in the neocortex appeared physically displaced rather than dying (Fig 5D) . Global neuron loss in the neocortex was not apparent. By contrast, in regions with densely packed neuron layers, such as the dentate gyrus granule cell layer, neuron loss in the vicinity of amyloid plaques was more obvious (Fig 5E) .
Behavioural assessment
Open-field assessment of simple motor activity, exploratory behaviour and anxiety at 5 and 8 months of age did not indicate differences between transgenic and age-matched littermate control mice (results not shown). In the acquisition and reversal phase of a four-arm spatial maze task, no difference was observed at 5 months of age (Fig 6) . However, when the same mice were tested again at 8 months of age, APPPS1-21 mice showed a significant impairment in reversal learning compared with the control mice (Fig 6) .
DISCUSSION
Missense mutations in APP and PS1 lead to familial forms of AD by different mechanisms. Most PS1 mutations shift g-secretase cleavage to increased Ab42 production, which in turn accelerates cerebral amyloidosis in transgenic mice (Borchelt et al, 1997 ; Mouse model of cerebral amyloidosis R. Radde et al Holcomb et al, 1998; Siman et al, 2000) . An inverse correlation between the Ab42 to Ab40 ratio and the age of onset in familial AD has also been reported (Duering et al, 2005) . Mutations at position Leu 166 in PS1 lead to a severe course of AD pathology, with a very early onset in the third or fourth decade of life. So far, three mutations at position Leu 166 (L166A, L166P and L166H) have been described; the L166P mutation seems to be the most pathogenic (Ezquerra et al, 2000; Moehlmann et al, 2002; Pantieri et al, 2005) . Expressing PS1-L166P in transfected cells resulted in the highest Ab42 to Ab40 ratio among several PS1 mutations (Moehlmann et al, 2002) . However, in contrast to other PS1 mutations, the L166P mutation has been shown to markedly decrease Ab40 production leaving Ab42 levels unaffected (Bentahir et al, 2006) . Interestingly, soluble Ab42 levels in predepositing APPPS1-21 mice seem to be close to the levels reported in the most commonly used Tg2576 and APP23 mouse models, whereas Ab40 levels in APPPS1-21 mice are four-to tenfold lower than that in the other models (supplementary Table 1 online) . Hence, onset of amyloid deposition in APPPS1 mice occurs much earlier compared with the other transgenic models. This observation suggests that both increased Ab42 levels and a reduction in Ab40 can promote cerebral amyloidosis, a finding consistent with the emerging hypothesis that Ab40 is a parenchymal 'amyloidinhibiting species' whereas Ab42 is the 'amyloid-promoting species ' (McGowan et al, 2005; Kumar-Singh et al, 2006) . APPPS1-21 mice are a model of cerebral amyloidosis, and not directly of AD, as the mice do not model the tau pathology and robust neurodegeneration observed in AD. Neuron loss in the APPPS1-21 model seems to be similar to previous APP and APPPS1 transgenic mouse models, in which neuron death occurs only in close proximity to congophilic amyloid, giving rise to no significant global neuron loss in the neocortex and modest and mouse-model-specific neuronal loss in the hippocampal subregions (Bondolfi et al, 2002; Irizarry et al, 1997; Calhoun et al, 1998; Urbanc et al, 2002) . Massive CA1 hippocampal neuronal loss due to high intracellular levels of Ab42 has been reported in a recent APPPS1 knock-in transgenic mouse model (Casas et al, 2004) , but it cannot be excluded that other factors could be responsible for the neuron loss observed in this model. Synaptic and neuritic pathology is clearly present in APPPS1-21 mice, similar to that observed in other congophilic amyloid-depositing mice (Masliah et al, 1996; Phinney et al, 1999) . Because of the largely congophilic nature of the pathology, the microgliosis in APPPS1-21 mice might be stronger than in other amyloiddepositing mice, although rigorous stereological quantifications of microglia number has not been carried out previously (Frautschy et al, 1998; Matsuoka et al, 2001; Dudal et al, 2004; Stalder et al, 2005) . The origin of the threefold increase in microglia number in APPPS1 mice has yet to be determined, but probably is a combination of both division of microglia and invasion of peripheral macrophages (Bondolfi et al, 2002; Stalder et al, 2005 ).
An impairment of behavioural flexibility and of switching from previously learned strategies to new strategies is a feature of AD (Rouleau et al, 1992) . These cognitive functions and reversal learning have been shown to be dependent on the prefrontal cortex and hippocampal activity (Buzsaki et al, 1982) . APPPS1-21 mice showed impairment in a reversal task at 8 months of age, whereas at an earlier time point, no deficit was apparent. Amyloid lesions in hippocampus develop with a delay of 1-3 months when compared with the neocortex: thus, the cognitive impairment observed in APPPS1-21 mice might coincide with the onset of significant amyloid in the hippocampus, although more detailed behavioural analysis is necessary to establish whether behavioural impairment precedes, coincides with or follows deposition of amyloid, as seen in other transgenic models of AD.
Several APP and APPPPS transgenic mice have been described in the literature. The present APPPS1-21 mouse combines several advantages of previous transgenic lines. (i) Mice have been generated on a pure C57BL/6J background that is known to reduce the variability of Ab metabolism and deposition (Lehman et al, 2003) . More recently, the mouse model has also been expanded into a BALB/cJ background. ¼ 20.01, P ¼ 0.0001; post hoc Bonferroni tests: day 2, **Po0.01; day 4, *Po0.05; day 7, *Po0.05; n ¼ 12 for APPPS1-21, six females, six males; n ¼ 13 for control, six females, seven males). wt, wild type.
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